Human reaction to external stimuli can be investigated in a comprehensive way by using a versatile virtual-reality setup involving multiple display technologies. It is apparent that versatility remains a main challenge when human reactions are examined through the use of haptic interfaces as the interfaces must be able to cope with the entire range of diverse movements and forces/torques a human subject produces. To address the versatility challenge, we have developed a large-scale reconfigurable tendon-based haptic interface which can be adapted to a large variety of task dynamics and is integrated into a Cave Automatic Virtual Environment (CAVE). To prove the versatility of the haptic interface, two tasks, incorporating once the force and once the velocity extrema of a human subject's extremities, were implemented: a simulator with 3-DOF highly dynamic force feedback and a 3-DOF setup optimized to perform dynamic movements. In addition, a 6-DOF platform capable of lifting a human subject off the ground was realized. For these three applications, a position controller was implemented, adapted to each task, and tested. In the controller tests with highly different, taskspecific trajectories, the three robot configurations fulfilled the demands on the application-specific accuracy which illustrates and confirms the versatility of the developed haptic interface.
Introduction

A versatile haptic interface for systematic research on human-environment interaction
Haptic interfaces offer new possibilities to explore the interaction between a human subject and his environment. Recent developments in robotics on both, the control and the hardware side significantly augment the possibility to * Corresponding author. E-mail: joachim.vonzitzewitz@epfl.ch provide multi-dimensional, high-quality force rendering and feedback to a human subject. [1] [2] [3] To optimize the control of these haptic interfaces and the other rendering and feedback modalities involved in the virtual-reality (VR) scenario such as visual and acoustic displays, the general "human-in-the-loop" question 4 is of great interest: In which way can changes in the (virtual) environment provoke desired reactions of the human? The hypothesis can be formulated that similar feedback principles can be applied to different multi-modal VR setups in order to influence a test subject's reaction in a targeted and predictable way.
To investigate these principles systematically, we need a versatile, highly adaptable multi-modal VR-setup. A "perfect" setup should allow to investigate a wide range of applications with the same methodology in order to obtain generalizable results. Herein, the required versatility/ adaptability also refers to the haptic modality.
To answer the human-in-the-loop question, the reaction of the human nervous system to the virtual scenarios is of interest. 5 Activities under conscious control (focusing on the central nervous system and, more specifically, on the sensory-motor system) and autonomous, unconscious body activities (focusing on the peripheral nervous system) can be differentiated in the human nervous system. 6 Research on the sensory-motor system can be ideally performed in the field of motor learning in sports. In an internal review on different kinds of sports, racket and net sports like tennis or baseball were found to be the motion group with the highest end-effector velocities on the upper extremity and the end effector. [7] [8] [9] Concerning sports involving repetitive whole-body movements, rowing was found to be a sport with elevated peak power and peak force of up to 1.2 kW and 800 N, respectively. [9] [10] [11] Therefore, tennis and rowing were chosen as sports which describe the limits of the required spectrum of dynamics. The dynamical requirements for research on the unconscious body activities are similar. Additional side requirements might emerge, however, e.g., minimal noise emission in the special case of sleep research. In summary, a robotic system, which is capable of fulfilling the requirements of motor learning in rowing and tennis on one hand and of sleep research on the other hand, offers optimal conditions to globally address research on the reaction of the human nervous system to external stimuli.
Use and limitations of haptic interfaces
Haptic displays enable realistic and repetitive training of tasks in a safe environment, e.g., in medical training, in flight simulators, and in robot-assisted rehabilitation. As tools for teleoperation, they provide haptic feedback or tactile information about environments which the operator cannot reach directly.
A large number of serial robots and parallel robots with rigid links are used as haptic displays. The Phantom device 12 and the Delta Haptic Interface 13 are prominent and commercially available examples with serial and parallel structures, respectively. Each robot structure has different advantages and disadvantages: Generally, parallel robots are characterized, for example, by a high load-to-inertia ratio, whereas serial robots cover a larger workspace. In general, both types with rigid links are disadvantageous in largescale environments, as an increase in workspace leads to an increase of inertial mass (Fig. 1) . As this inertia is at least partially felt by the user when actively accelerating the device, 14 the transparency of the haptic interface decreases with an increase in workspace size. This disadvantage does not apply to one subgroup of parallel robots: Tendon-based robots have inertial properties which are almost independent of their size. The arms of tendon-based robots only consist of lightweight tendons connected in parallel to the end effector. The main inertial part is the motorized drum to wind up the rope.
A reconfigurable rope robot used as a versatile large-scale haptic interface
The high variety of load cases and task-specific workspace shapes emerging from the research goals formulated in Section 1.1 cannot be realized with a single fixed robotic structure but requires a reconfigurable robot. This requirement for reconfigurability and the use of multiple feedback modalities, which should not be influenced by the robot, favor the use of an intrinsically modular tendon-based system.
During the last years, we have developed a tendon-based system, the so-called r 3 -system (reconfigurable rope robot) as a haptic interface with versatile capabilities embedded in a CAVE (Cave Automatic Virtual Environment) setup. 15 A major goal of this project was that hardware and software components of the robot should be applicable for different applications to facilitate the fast adaptation of the system to new tasks. This paper will present the robot design as well as three applications reflecting the versatility of the system. It describes the underlying concept for model-based position control, as well as the application-specific adaptations of the hardware and the controller. Finally, the performance of the controller will be evaluated in order to prove that the control performance satisfies the versatile, task-specific requirements.
Setup of the r 3 -System
Requirements
After the required robot type, a tendon-based system, is derived from the tasks and the environmental conditions, the more detailed technical requirements of the robot axes must be defined. The r 3 -system has to fulfill the general technical requirements of haptic displays: To achieve realistic rendering of hard surfaces, smooth velocity measurements with small computational delay are required. 16 To fulfill these requirements, a sampling frequency of about 1 kHz 17 and a minimal position resolution of 1.25 μm 18 are suggested as sufficiently high. In addition, the haptic display has to be backdrivable for safety reasons 19 and to enable motion-driven control strategies. 20 Nevertheless, a subset of axes should be optionally lockable in case of emergency shutdown, e.g., to prevent a person from falling when he/she is lifted with the robot.
Furthermore, the robot has to be able to cope with the high dynamics required for sports simulation, mainly in terms of force and velocity. Therefore, the maximal values for these parameters were extracted from the literature: In tennis, racket velocities can reach values of up to 37.5 m /s. 9 Maximal peak hand forces occur in rowing and can reach up to 800 N. With a user-cooperative robot capable of producing these dynamics, a large variety of sports can be simulated.
However, these values do not necessarily correspond with the requirements on a single robot axis. In tendon-based robots, end-effector velocity in specific workspace areas and directions can become more than three times larger than the velocity of a single axis depending on the robot configuration. 21 Equivalently, the end-effector force can exceed the payload of a single axis by an approximated factor of 1.5. Given these task dynamics and the amplification factors, the maximal velocity and the peak force of a drive train can be roughly approximated as 12 m /s and 500 N, respectively, without taking a safety factor into consideration. As mentioned above, the r 3 -system is integrated into a CAVE. Inside this CAVE, the user's workspace has a maximum length of 4.5 m. This value was defined as the minimal rope length which can be wound up on a single axis. Moreover, the haptic display should not disturb the other modalities of the CAVE, such as the acoustic and the visual displays, in order to achieve realistic multi-modal rendering of the task.
Frame structure
In tendon-based robots, a frame structure surrounds the workspace. From this frame, the ropes are guided directly from the motorized axes or via deflection units to the end effector.
The frame structure of the r 3 -system consists of a modular profile system (Basic Mechanic Elements, Bosch Rexroth, Lohr a.M., Germany). The frame surrounds the entire CAVE. It has a longitudinal extension of 7.2 m, a lateral extension of 5.6 m, and a height of 5.2 m (Fig. 2) .
Mechanical setup
One end of the rope is connected to the end effector. The other end leading, out of the CAVE, is connected to one of the following three types of units ( Fig. 3 ): m to end effector • active unit (motorized drums)
• passive unit storing potential energy (e.g., a mass or a spring) • passive unit dissipating energy (e.g., a brake)
The active units (the motorized drums) of the r 3 -system are mounted on the ground in the lower corners of the frame. Each active unit comprises a drum actuated by an AC-servo motor (AKM53G, Danaher, Pennsylvania, USA). An electromagnetic safety brake can block the drum when the power supply of the robot is switched off. From each drive train, the rope is guided into the workspace via a tensionmeter and a deflection unit. 22 The current robot setup comprises seven axes. To adapt the transmission ratio on each axis to tasks with different force-torque/velocity profiles, the drum diameter of the drive trains can be chosen between 75 and 150 mm. The drums are mounted on the outer end of the axis to facilitate their replacement. 22 The range of the adaptable transmission ratio can be augmented by applying the tackle principle as also proposed by Merlet. 23 A single axis has a nominal power of 2 kW, a continuous payload of 262 N and a peak payload of 790 N, both with the smallest drum mounted. With the largest drum mounted, a velocity of 16 m/s can be reached.
Deflection unit
The deflection units (Fig. 4) can be mounted at arbitrary positions on the frame structure of the robot (Fig. 2) . They guide the rope into the workspace between two pulleys and two rollers. Optionally, a plate with a U-bolt can be mounted on the deflection unit. The free end of the rope deflected at the end effector can be fixed to this U-bolt, if the tackle principle is applied. A more detailed description of the deflection units, including the geometrical modeling, can be found in a preceding paper. 24 
Sensor setup
Each axis is equipped with three sensors: one encoder attached to the motor shaft, one analog position measurement unit (APMU) that measures the absolute drum angle, and one analog force sensor (tensionmeter).
The encoder on the motor shaft is an absolute 20-bit single turn encoder. The resulting maximal linear resolution is 0.5 μm for a single axis with the smallest drum.
The main requirement for the APMU was a measurement range of 20 revolutions needed to wind up the required rope length of 4.5 m with the smallest drum. This criterion was fulfilled by using a wire potentiometer whose wire is wound up on a thread mounted at the end of a motor axis. The availability of the absolute motor position makes a re-calibration of the robot after a system shut-down dispensable. 22 Furthermore, the redundant measurement of the motor position serves as a safety feature, as for example proposed by Bouri et al. 25 Using the analogue wire potentiometer, the proper function of the digital encoder measurement can be continuously supervised.
As the third sensor type, tensionmeters are integrated on each axis to measure the rope force. 22 The tensionmeters have a nominal load of 1000 N and a non-linearity of 0.3 %. They are mounted on the frame structure and placed between the motorized winches and the deflection units which guide the rope into the workspace. This stationary solution facilitates wiring and, hence, promotes the modularity of the system compared to force sensors connected to the end effector. 26 The disadvantage of this solution is that the rope force is not measured directly at the end effector, but before the deflection unit. The rope is wound around a pulley mounted on the tensionmeters. As the accuracy and resolution of the sensor increase with the deflection angle around this pulley, the deflection angle should be maximized. The deflection angle is 90
• if the deflection unit is mounted on the upper part of the frame, and 52
• , if the deflection unit is mounted on the floor.
Signal processing
Signal processing has a large impact on the quality of a haptic interface. Signal noise and time delays should be reduced to a minimum, and the sampling frequency and resolution of the sensor signals have to fulfill the high requirements listed in Section 2.1. We decided to implement the digital communication protocol EtherCAT (Ethernet for Control Automation Technology). 27 This protocol has the advantage of high scalability, i.e., additional channels can be added to hardand software with little effort, and it is implemented in the motor drives of several suppliers.
With this protocol, the analog signals can be digitized by so-called EtherCAT-terminals (Beckhoff, Verl, Germany) with a conversion time of approximately 60 μs. As this digitalization takes place close to the analog sensors, their cable length and thus signal noise are reduced.
Except for the encoder cables, which directly connect the motors and the motor drives, all sensor signals are transmitted via a single network cable connecting the terminals in the corners of the CAVE. Also the motor drives (S700, Danaher, Pennsylvania, USA) are addressed via EtherCAT. Additional sensors needed inside the CAVE for specific applications, e.g., a rowing simulator, 28 are digitized by further terminals connected to the EtherCAT net.
The preferred programming software was Matlab/Simulink in combination with an xPC real-time target computer. As Simulink/xPC (Matlab version 2009b) cannot handle the EtherCAT protocol, a real time Linux-PC was used. This PC runs custom software that acts as a gateway between the EtherCAT network and the xPC-target. The Linux computer and the xPC-target communicate via Raw Ethernet. The Linux-PC clocks the xPC-target with parallel port interrupts. Synchronization between the two computers is secured by redundant transmission of time information over the parallel port and Ethernet (Fig. 5) . The control program runs at a cycle times of 0.25 ms.
Supplementary setup: Optical tracking
An opto-electronic motion tracking system (Qualisys, Gothenburg, Sweden) is installed around the CAVE. Up to 10 cameras are used to detect the position of passive markers fixed to the robot or the user. The marker positions are transmitted via UDP to the xPC-target at a frequency of 200 Hz.
Model-based Position Control
Not only hardware but also software components should be reusable or easily adaptable for different applications. The complete reusability of all software components and control strategy for all tasks is not necessarily possible, as shown in the following sections. While standard approaches may satisfy the requirements of some tasks, they might require more or less laborious extensions for others.
In addition, the definition of a research goal often makes the development of very specific control approaches necessary. In this context, advanced force control strategies have already been implemented in the system, e.g., for research on different support strategies in motor learning. 29 But these specific strategies are not the focus of this paper. Its aim is rather to present a (basic) control strategy illustrating the comments above. The only control strategy implementable in all three applications realized up to now is position control. As already mentioned, one major research focus in the M3-Lab is robot supported motor learning. In this context, position control can be regarded as the simplest assistive control strategy usable to guide a user along a specific trajectory, e.g., for teaching purposes. Furthermore, a reliable position controller often serves as a basis for several user-cooperative control strategies such as admittance control 30 or open-loop impedance control. 31 The focus is put on the control performance of the proper robot, because position tracking of the robot (effective vs. measured robot position) has been evaluated elsewhere. 24 
Basic control concept
As a basis for more advanced control strategies, a well-known control approach was chosen: A proportional-derivative (PD) computed-torque controller was implemented to control the pose (position and orientation) of the end-effector in task space. A task-space controller was chosen due to its superior properties concerning accuracy and interactive control compared to joint-space controllers. 32 Furthermore, this control approach can easily be extended by further modules for improved performance in case it does not satisfy the task requirements, as will be shown later.
The actual end-effector pose x EE is derived from the measured rope lengths l m by a physics-based approach for forward kinematics. 24 Using the inverse robot model, the external forces and torques acting on the end effector, namely gravity, friction, and inertia are modeled and compensated. This modeled external wrench is summarized inŵ (Fig.  6 ). The total commanded wrench w c is subdivided into single rope forces f c using a quadratic programming (QP) approach. 33 This approach guarantees continuity of the single rope forces while rope forces are minimized. 34 The minimal and maximal rope forces can be defined as inequality constraints of the quadratic program.
Inverse robot model
To calculate the feed-forward part for model-based control strategies, the inverse robot model is required. The input of the inverse model is the desired pose x EE,d of the robot and its derivatives; the output is the modeled wrenchŵ. In tendon-based robots, it is advantageous to split the inverse model into two parts: the drive-train model (output wrencĥ w DT ) and the end-effector model (output wrenchŵ EE ).
The drive-train model accounts for inertial and friction effects of the drive train summarized in the torque vectorŝ τ I andτ f , respectively; it is driven by motor angles ϕ m and their derivatives. The motor angles are obtained from the inverse kinematics 32 which transformsẋ EE,d andẍ EE,d into rope velocityl and rope accelerationl. The approximated angular velocity and acceleration of the motor,˙ ϕ M and ϕ M , respectively, are calculated from the rope movement by division by the drum radius r D (Fig. 7) . The modeled wrench of the drive trainŵ DT is calculated aŝ
with A T as the structure matrix of the rope robot; the vector v i is the unit vector in the direction of the ith rope, p i is the vector from the origin of the end effector to the i-th connection point, and m is the number of ropes.
The moment of inertia of the motorized drum J O required to calculateτ I can be extracted from CAD and data sheets. The friction model was derived experimentally as further described in Section 3.3.
If the end effector consists of a single body attached to the ropes, the corresponding models can be found in the literature 32 and are, therefore, not further treated in this paper. However, the model might require further applicationdependent adaptations, as will be shown later in Section 4.3.
Friction model
The friction of the r 3 -system, including the motor unit, the deflection unit, and the pulley at the force sensor, was determined experimentally. Therefore, the rope was guided vertically into the workspace where it was attached to a test 
As the tensionmeter is placed between the motor and the deflection unit, the motor torque necessary to overcome the friction of the deflection unit τ f,DU can be derived from the measured rope force as
For model-based friction compensation, the obtained curve was approximated by two intersecting linear functions.
Three Applications Realized with the r 3 -System
The versatility of the r 3 -system is illustrated by three different applications. As an example for a setup for haptic rendering involving high interaction forces, a rowing simulator is presented below. This simulator is capable of rendering forces at an oar blade depending on the user's movement. As a further 3D task, a training tool for a tennis stroke providing haptic guidance during highly dynamic movements will be presented. A third example will explain a 6D platform capable of lifting the user from the ground.
Rowing simulator with 3D haptic feedback
To fulfill the requirements of this first project, the r 3 -system has to cope with the combination of dynamic movements and dynamic loads including high peak loads as they occur in rowing: The aim of this project was to develop an advanced rowing simulator including visual, auditory, and haptic feedback. The r 3 -system should not only be able to realistically render oar forces in three dimensions in accordance with the user's movement, it should moreover serve as a teaching tool to provide haptic guidance to the user. 
Setup.
Five actuated ropes of the r 3 -system are connected to a single point on the outer part of an oar stump (Fig. 8) . The oar is fixed inside an oar lock of an instrumented shortened scull boat mounted on a podium. 35 The oar lock restricts the oar movement to three rotational degrees of freedom (DOFs): the oar angles in the horizontal and the vertical plane θ O and δ O , respectively, can be influenced by the robot while the rotation about the longitudinal oar axis remains a free passive DOF. The diameter of the used winches is 75 mm.
Control of the rowing simulator.
Using the position controller, the oar can be guided along a predefined trajectory, e.g., to show the user how to perform a correct rowing movement. The inverse robot model compensates for the dynamics of the drive trains and oar weight. The proportional gain of the controller was set to P = 2800 N/m, and the derivative gain to D = 20 Ns/m. The desired position was given in terms of the two controllable oar angles. These oar angles were transformed into cartesian space to obtain the desired end-effector position x des . 35 The admissible position error was defined as 1
• of the oar's solid angle.
Experimental evaluation.
The desired trajectory of the position controller was chosen similar to a typical oar trajectory for moderate rowing:
θ O,des (t) = 40π 180 cos 0.6πt. 
Training of a dynamic, tennis-like movement
As pointed out in the introduction, a tennis stroke is in the group of highly dynamic movements occurring in sports. We therefore chose to implement a training tool for a tennis-like movement to prove the usability of the robot for user-cooperative tasks involving high end-effector velocities and accelerations. Besides the high dynamics of the tennis movement, the required end-effector workspace close to the user's body is the main difference to the rowing setup.
Setup.
The user stands inside the CAVE and holds a racket-like end effector. Six ropes are connected to the end of the racket in a single point (Fig. 9) . The user's body movement is restricted by ropes fixed between the robot frame and a climbing harness worn by the user.
Control strategies.
The position controller was tested, as it will be used as the simplest assistive controller to teach the movement to the user. The inverse robot model compensated for friction and winch inertia; the proportional gain of the controller was set to P = 4200 N/m, the derivative gain to D = 9 Ns/m.
Experimental evaluation.
To obtain the reference trajectory for the robotic end effector, a user performed a fast movement with a racket in his hand without being attached to the robot. The trajectory of the racket tip was recorded with the tracking system mentioned in Section 2.7. When using this recorded path as a reference trajectory for the robot, the robot's end-effector moves along an approximately 2.5 m long arc in space reaching a peak velocity of 9.3 m/s. The mean error of the end-effector movement and its standard deviation were evaluated. The admissible error was defined in terms of a timing error of 1 % between actual and desired position. This corresponds to a maximal position error of 5 cm.
The Somnomat-a 6-DOF platform for vestibular stimulation
In this third application, the capabilities of the r 3 -system to cope with high continuous loads was to be investigated. We found an appropriate application in sleep research, where the user has to be entirely lifted from the ground.
The influence of vestibular stimulation on sleep has not been investigated systematically yet. Only studies where seemingly arbitrary movements in a single degree of freedom were used as stimulation can be found. [36] [37] [38] [39] [40] [41] To address this topic comprehensively, a device which enables the vestibular stimulation of a sleeping subject in different DOFs without disturbing the subject's sleep, e.g., by noise, is required. Therefore, we configured the robot to manipulate a platform in 6 DOFs, denominated as Somnomat.
As a main requirement, the size of the end-effector platform is at least equal to the size of a standard slatted frame and a mattress (0.9×2 m) to have typical conditions for sleep research. The required payload is 105 kg (90 kg as the maximum user weight and 15 kg for additional measurement equipment).
To prevent waking up the subject, pitch and roll angles, φ and δ, respectively (Fig. 10) , are limited (±10
• ) whereas larger values can be chosen for the yaw (ψ) angle (±30
• ). The desired translational workspace has an extension of ±0.5 m in all directions.
Setup.
Seven actuated ropes are guided to a bed frame structure made of light-weight aluminum profiles: Four ropes coming from the upper part of the frame are connected to the four upper corners of the bed frame (x P 1,2,3,4 in Fig. 10) , and three ropes coming from the ground are connected to the front upper corners (x P 1,2 in Fig. 10 ) and to the lower center of the bed frame (x P 5 in Fig. 10 ). On all axes, the tackle principle is applied and the smallest winches (diameter of 75 mm) are mounted to cope with the high load. In addition, counterweights in form of sandbags are used to counteract the high static load (Fig. 11) . The total counterweight mass is chosen equal to the test subject's mass. The rope of each counterweight is guided into the workspace via the deflection point x DP ,CW , where it is fixed to a sheave at point x P ,CW . This sheave runs on a second rope fixed on two points at the upper side of the bed frame (Fig. 10) . The total weight of the end-effector platform, including a sleeping subject and measurement equipment, is 153 kg.
End-effector model-counterweight kinematics.
As an application-specific solution, the model-based compensation of inertia and weight of the counterweights has to be calculated as a function of the desired end-effector position and acceleration. This leads to a geometrical problem which cannot be solved in a closed form. The basic condition to solve this problem is that the force on the rope deflected by the sheave is equal on both ends. Consequently, the vector v R,CW = x P ,CW − x DP ,CW (6) includes the same angle α with the vectors collinear to the two rope ends on the left and right side of the sheave (Fig.  10) . Therefore, both of the following two conditions have to be fulfilled:
• The vector from point x B (intersection between v R,CW and vector described by the connection point of the deflected rope x CP ,r and x CP ,l ) to the pulley point x P ,CW is collinear with the vector from the pulley to the upper connection point x DP ,CW .
• The length of the deflected rope l Rope is constant. The rope is assumed to be deflected around point x P ,CW (sheave diameter assumed to be zero):
For the determination of point x P ,CW , an optimization algorithm is suitable with the argument of minimizing the angular difference between v R,CW and the vectors collinear to the two rope ends on each side of the sheave. To solve the problem, the bisection method is used for the variable x B . At each sampling step of the controller, the point is found by searching in the 10 cm neighborhood of the solution found in the last step. Within 10 iteration steps, the values of x B , and hence the values of x P ,CW , can be calculated with an accuracy of 0.1 mm. The deflection point x DP ,CW is assumed to be a single point. The second derivative of the sheave position x P ,CW , however, is too noisy to be used for inertia compensation of the counterweights. The acceleration of the counterweights is, therefore, calculated as if each counterweight rope was directly connected at the intermediate position between x CP ,l and x CP ,r . This approximation is correct for the platform movements which induce large counterweight accelerations, i.e., vertical (z) translations and roll (δ) rotations if the platform is in the central position of the CAVE.
End-effector model-measurement of user position.
To warrant the user's safety, his/her position on the platform should be constantly monitored. If the user tries to get up during operation, the system has to stop. Therefore, an online measurement of the user's center of mass x COM on the platform is required. Furthermore, large additional torques are applied to the platform, if the user lies eccentrically in the bed. An online measurement would allow integrating them into the model-based compensation.
The position x COM can be derived from the measured rope forces f m . The measured rope forces f m have to be transformed from the seven-dimensional joint space to the six-dimensional wrench on the platform by
To obtain the torque τ COM resulting from the eccentricity of the center of mass, the model-based end-effector torquê τ E E excluding the friction compensation for the motors is subtracted from τ EE,m :
The position of the user on the platform can be calculated by using the first and second element of the vector τ COM and the platform angles θ and ϕ:
Control strategy.
As the Somnomat is a comparatively complex setup, model uncertainties are increased. In addition, static control errors gain in importance, because the platform should stay completely horizontal during resting periods. Using the basic control strategy introduced above, the required performance was not achieved anymore. Therefore, it had to be improved and extended. As with the Somnomat cyclic movements are performed, an iterative learning controller (ILC) 42 was added to the control loop to compensate for these uncertainties. This approach was originally developed to optimize controller performance in technical systems operated repeatedly for the same task. 43 This controller takes the control error of a preceding task repetition k − 1 with the duration interval of [0; T f ] as an input. The output wrenchw k is added to the commanded wrench w c and is calculated as: (13) with f f as a forgetting factor,P andD as the learning factors for the pose error e p,k−1 and velocity error e v,k−1 of the previous cycle, respectively.
Evaluation.
To evaluate the overall performance of the robot, additional weights of 80 kg were fixed on the mattress. The platform was moved in all DOFs separately at 0.4 Hz with an amplitude of 0.2 m for translational and 0.15 rad (8.6
• ) for rotational DOFs. Similar trajectories are used for user studies. The admissible position error was defined as 10 mm for the translational DOFs and 1
• for the rotary DOFs.
For the position controller, proportional and derivative gains were chosen differently for the translational and the rotary DOFs. The translational gains were chosen as P t = 2500 N/m and D t = 60 Ns/m, the rotary gains as P r = 2000 Nm/rad and D r = 20 Nms/rad. The forgetting factor f f was set to 0.2,P andD both to 20.
The measurement of the user's center of mass was evaluated with the same amount of additional weights (80 kg) which were mounted once centrically on the mattress and once with an offset of 10 cm in lateral (x) direction. The position of the center of mass was measured in static and dynamic conditions. In the latter condition, the bed moved along various translational and rotational sinusoidal trajectories with a frequency of 0.3 Hz.
Results
Robot model 5.1.1. Friction model.
The friction components of the motorized drum and the deflection unit were both identified with the proposed method; the torque introduced by the friction in the motorized drum is approximately three times as large as the friction in the deflection unit.
Measurement of user position.
The measurement with the centered weight lead to a measurement result of -0.01 m for the x-value of the center of mass, while the platform hung in the stationary pose 0.5 m above ground. When the platform moved in the z-direction, the value started to oscillate with an average value of 0 m ( Fig. 14(a) ). In case of the displaced payload weights (offset of -0.1 m), the results show an x-value of the center of mass of -0.09 m during the stationary condition. During the movement in the zdirection, the value again slightly oscillated with an average of -0.10 m (Fig. 14(b) ). Further measurements showed that the amplitudes of these oscillations depend on the platform movement, but the average value remains at the correct value.
Position control
The position controllers of the 3D applications, rowing and tennis, showed similar performances ( Table 6 ). The mean error and the standard deviation are in the same order of magnitude. For both applications, the performance values satisfied the requirements defined by the conductors of the studies.
When the user interfered with the oar in the rowing application, the mean error hardly changed although interaction forces of up to 107 N were reached. The maximal position error stayed in the same order of magnitude as well (4.5 cm without, and 5.16 cm with interaction of the user). Regarding the solid angle of the oar, the error reached values of 0.65
• (standard deviation 0.37 • ) with user interference. The parallel structure of the r 3 -system results in movement errors on all axes, also when the end effector is moved along/around a single body axis. In case of the Somnomat, the interference between the movement axis and the remaining axes is analyzed in terms of maximal position error (Table 6. 3). It can be observed that the control error of the axis whose desired position is changing, is in most cases larger than on the axes whose desired position is kept constant. The movement errors depend on the axis being moved. The maximum errors reach high values for translational movements along the y-axis and the z-axis. The error on the rotary axes stays small for all conditions.
Discussion
In this section, we want to discuss in how far the r 3 -system meets the overall project requirements to develop a versatile reconfigurable haptic interface for research on human reaction to multi-modal stimulation in a VR environment. Consequently, the used control scheme, the robot model, and the performance achieved on the three applications will be analyzed. 
The r 3 -system as a versatile reconfigurable haptic interface
The drive train of the r 3 -system was developed to meet the demanding requirements on a haptic display for sports simulation. Regarding achievable dynamics and signal processing, all requirements were met. Furthermore, the robot was successfully integrated in the CAVE environment.
As the r 3 -system was developed as a versatile multifunctional haptic interface, its user-friendly reconfigurability is an essential evaluation criteria. For the hardware, an experienced person needs two to three days to setup a new application, depending on its complexity. On the software side, the development of task-specific functions or algorithms might be necessary, as shown in case of the Somnomat. However, the basic control concept can be reused for all applications.
Analysis of the robot configurations chosen
As ropes only impose unidirectional constraints, the full control of n DOFs requires m > n ropes. 44 Hence, for a 3-DOF task like rowing and tennis, at least four ropes are required. However, a higher number of ropes m is used (m = 5 for rowing and m = 6 for tennis). This is necessary because of the unfavorable position and size of the workspace. By increasing the number of ropes, the workspace size and the robot wrench were both increased to meet the requirements.
Robot model
The two main friction components, namely the motorized drum and the deflection unit, were identified and quantified. Identification was only performed for one load and one deflection angle around the deflection unit, however. To get a more comprehensive friction model, an extensive measurement protocol involving different loads and deflection angles is necessary. Except for the drum radius, this model does not require any task-specific adaptations.
In contrast, the end-effector model had to be extended in case of the Somnomat by the model of the counterweights. This extension is important, as the counterweights contribute one-third of the total moved mass of the system. A further significant non-linearity is introduced by the possible movement of the user's center of mass on the Somnomat platform. A restriction of the user's movement is not possible, as it is not conform with the requirements of the planned study. It was shown that these movements can be monitored online using the force sensors of the system and the inverse robot model. When starting oscillatory movements, the calculation of the center of mass is influenced by model uncertainties, e.g. resulting from relative movement between the payload masses and the mattress, partially uncompensated friction or similar. However, the mean of the oscillating value is at the actual position of the center of mass. Therefore, the correct value could be extracted by using a high-order moving average filter or a similar filter, as the sleeping subject is not supposed to change his position continuously. In this case, the measurement cannot only be used as a safety feature, but also for modelbased compensation of the wrench introduced by the user's displacement in the future.
Controller performance
It was a major objective of the project to develop and use controllers which require minimal task-specific adaptations. In pre-tests, the simplest control strategies, such as classical PD position control and open-loop force control, did not show satisfactory performance. The model-based compensation of the non-linear disturbances resolved this problem and can be adapted with relatively small effort to different tasks. The implementation effort is extended if a complex end effector, e.g., the Somnomat platform with mechanical mass compensation, is used
The controller gains were set experimentally. A global rule for this setting cannot be given due to large differences of the three applications and their non-linear behavior. Especially the Somnomat has to be regarded as a highly time-variant Table II . Mean position error of the Somnomat (standard deviation in parentheses; bold: position error of the moved axis; all other values in the same line are position errors of the remaining movement axes whose reference position is held at a constant value). • plant, as the possible user movement on the platform can lead to different rope loads at the same pose. However, an interesting globally applicable finding concerning stability could be made: When only the minimal number of ropes (equal to the number of DOFs) was used for the kinematic calculations, the system became completely uncontrollable in certain directions. In contrast, the integration of all measured rope lengths into the physics-based forward kinematics 24 resulted in stable behavior. Despite the very different trajectories and loads, position errors stayed below the admissible errors in case of both 3D-applicaions, rowing, and tennis. For the Somnomat, the admissible position errors were exceeded for some movements on the translational axes. With slight adaptations of the model parameters depending on the movement axis, the desired accuracy was reached on these axes.
The quality of the controller is affected by the static friction in the system. In this context, low friction of the deflection units is important: As these units are placed between the tensionmeters and the end effector, friction leads to measurement errors. Therefore, the static friction in the deflection units should be minimized.
Conclusion and Outlook
Systematic research on human body reaction in a multimodal VR environment requires a highly versatile haptic interface. Moreover, if the research focus is set on the field of sports, the demands on the haptic interface are further increased. Already from an overall perspective on available robots, elevated forces as they are applied in rowing or the high velocities and accelerations performed during a tennis stroke are demanding requirements. Hence, the development of a haptic interface planned as an overall tool for research on motor learning in sports is a challenging task in many respects, from the overall versatility to the applicationspecific adaptability.
The tendon-based r 3 -system turned out to be a feasible approach regarding both versatility and adaptability. In this context, the most important key features are that the deflection points can be almost freely positioned, that the transmission rate can be changed with little hardware effort, and that the control software contains a high number of reusable sub-functions. The visual and auditory displays are hardly influenced by the r 3 -system as the ropes do not impair the user's vision and the actuators, as the main noise-producing units, are placed outside the CAVE. The r 3 -system is a unique haptic interface regarding the size of its workspace, the achievable dynamics in terms of velocity, acceleration, and forces, as well as its versatility.
The implemented controller fulfilled the requirements in the 3D applications without further adaptations. On the Somnomat, the integration of an ILC increased the performance significantly; mainly, unwanted rotations were suppressed. For the next study, a parameter set will be searched which improves the performance on the translational axes while maintaining the accuracy on the rotary axes. In this context, a thorough stability analysis is planned for the Somnomat which includes the eigenfrequencies of the system in different directions, depending on the user position on the platform.
All three setups could be successfully used for user studies in the meantime: On the Somnomat, a pre-study with three subjects and movement in all degrees of freedom between 0.4 and 2 Hz was performed. 45 Additionally, positions for the rotary axes as well as combined rotations were tested. As the high-frequent movements were rated as unpleasant, only movements with frequencies around 0.4 Hz as they were validated in this paper will be considered for future studies. On the rowing simulator, the efficiency of various haptic feedback strategies including simple position control was tested on nine subjects. Recently, a similar study involving 21 subjects was successfully finished on the tennis setup.
